We report a TD-DFT study of three polyene dyes namely: NKX-2553, NKX-2554 and NKX-2569 in isolation as well as upon their adsorption on TiO 2 nanoparticles. By choosing closely related dyes we wish to focus on the effects of structural variations on the absorption and charge-transfer properties of these systems. These three dyes show a non-intuitive trend in their respective efficiencies and therefore, were chosen to shed light on the structural components that contribute to this behaviour. Although, NKX-2554 has an additional donor group, it is less efficient compared to the simpler NKX-2553 dye that contains only one donor group. When NKX-2554 structure is slightly modified by lengthening the linker-group, one obtains the most efficient dye among this set, namely, NKX-2569. In this work, we show that the changes in the donor moiety has very little or no effect on the efficiency of these dyes as can be seen in the case of NKX-2553 and NKX-2554. On the other hand, the improved performance of NKX-2569-titania complex can be understood to be a result of the longer linker group. A better understanding of these properties within different dye-titania complexes is important for the continual improvement of DSSCs. In this regards, this study will serve to provide guidelines to improve efficiencies of novel organic dyes.
Introduction
World-wide concern towards green house gases has generated immense research interest in alternative energy sources like solar cells. Solar cells being used to-date are mostly siliconbased. Although silicon based cells are efficient, they are expensive due to highly purified solar-grade silicon that is required for their fabrication. On the other hand, dye sensitized solar cells (DSSCs) can be made more affordable due to the use of cheaper semiconductors like TiO 2 . Due to this, DSSCs have become an active area of research since they were first introduced. 1 A typical DSSC consists of a layer of dye molecules adsorbed on semiconductor electrode surface, a consecutive layer of electrolyte (I/I − 3 ) and a counter electrode deposited with Pt or carbon particles. In these cells, current generation takes place by photooxidation of the dye. The excited dye transfers its charge into the conduction band of semiconductor that lies at a lower energy level compared to the excited state of the dye. The oxidized dye is reduced back to its original state by I/I − 3 electrolyte. The cycle is completed as the charge is transferred across the external circuit to the counter electrode. 2 Although, this mechanism seems straight forward, it involves high level of complexities. A recent re- The overall efficiency of a DSSC critically depends on the dye(s) employed as photo-sensitizers in the cell. As a result, novel dyes with better efficiencies and stability are being investigated. So far, the state-of-the-art ruthenium-based sensitizers give the conversion efficiencies exceeding 11%. [4] [5] [6] Although efficient, Ru-based dyes are not cost effective. Therefore, to reduce the manufacturing cost of the DSSCs various metal-free, organic dyes are now being proposed and investigated. These organic dyes are advantageous due to their adjustable spectral and the electrochemical properties. 7, 8 A typical organic sensitizer consists of a donor group (electron donating group), a linker group and an acceptor/anchor moiety (electron accepting group).
An appreciable number of organic dyes have been reported with different types of donors, linkers and acceptors. Among the donor moieties, N, N-dimethylaniline group, 9, 10 coumarins, [11] [12] [13] [14] [15] [16] [17] tetrahydroquinolines, 18, 19 pyrrolidine, 20 carbazoles, 21 diphenylamine, 22 triphenylamine, [23] [24] [25] [26] etc have been widely used for the dye synthesis. A linker moiety is a spacer added between the donor and acceptor moieties. Different π-conjugated linker groups such as the -C=Cchain, [9] [10] [11] [12] [13] 16, 24 thiophene units (and its derivatives), 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] 26 etc have also been investigated. In particular two types of acceptor/anchor groups, namely cyanoacrylic acid, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and carboxylic acid [27] [28] [29] are widely used in organic dyes for DSSC.
Charge injection/transfer (CT) from dye to the conduction band of the semiconductor is one of the key processes that is important for DSSC's performance. CT rate depends on several features of the conjugated structure. The efficiency of the injection process depends on the electronic coupling between the dye and the metal-oxide surface. Asbury et al 30 found that the time for electron injection increases with the reduction of electronic coupling between the dye and the semiconductor. The rate of charge injection also depends on the electronic character of the conduction band of the semiconductor. For example, the conduction band of TiO 2 is derived mostly from the 3d-orbitals of titanium atoms. This high density of empty states in TiO 2 results in a fast CT rate. 30, 31 Upon excitation, the injection of the charge from the dye to the semiconductor can occur through either of the two mechanisms -direct and indirect. In the direct mechanism, under optimal conditions of electronic coupling between the dye and the semiconductor, CT takes place in one step from ground state of the dye to the conduction band of the semiconductor. On the other hand, in case of indirect mechanism, the process is completed in two steps: (1) the charge is excited from the ground state of the dye to another state that is localized on dye itself and (2) the charge then tunnels from the excited dye into the conduction band of the semiconductor. 32, 33 In direct CT, a new band may appear in the absorption spectrum of the complex which is not present in the spectra of the isolated dye and surface individually. The origin of a new absorption peak suggests a strong electronic interaction between the dye and the semiconductor. 34 Although, a new peak gives indication of direct CT, it is not present in all direct-mechanism cases that have been studied to-date. Some of the theoretical studies observed the presence of a new band 31, 35 while others did not find new peaks although the charge injection was attributed to the direct transfer mechanism. [36] [37] [38] As detailed above, many factors decide the efficiency of dye-titania complexes. In this work, we have systematically studied the effects of donor and linker moieties on the dye's performance. To do so, we have studied three closely related polyene dyes. These dyes were introduced by Hara and coworkers 9, 10 . They all have N, N-dimethylaniline (DMA) donor which is used due to its simple structure and strong electron-donating ability. Among this class of dyes, NKX-2553, NKX-2554 and NKX-2569 ( Figure 1 ) have demonstrated 5.5%, 5.4% and 6.8% efficiencies respectively under AM 1.5 irradiation. Here, the NKX-2553 dye has one DMA as donor whereas, NKX-2554 and NKX-2569 have two DMA donor groups. In these dyes, the donor is connected to different π-conjugated linker moieties, which are further attached with cyanoacrylic acid. Both, NKX-2553 and NKX-2554 have a three carbon atom linker chain with alternative single and double bonds as shown in Figure 1 . Compared to these dyes, NKX-2569 has a longer linker moiety with a to-tal of five carbon atoms ( Figure 1c ). All three dyes have cyanoacrylic acid as the acceptor/anchor group. The NKX-2553, NKX-2554 and NKX-2569 show open circuit voltages (V oc ) of 0.71 V, 0.74 V and 0.71 V and short-circuit photocurrent densities (J sc ) of 10.4, 9.9 and 12.9 mA cm −2 , respectively. Fill factor for all of these devices is 0.74. 9 As compared to NKX-2553, NKX-2554 shows slight reduction in efficiency and J sc values in spite of an extra donor group. On the other hand, NKX-2569 that also contains two DMA units, performs best with 6.8% efficiency. The key to better performance of NKX-2569 as compared to the other two dyes seem to lie in its longer linker chain leading to the better charge separation between donor and linker moieties. Understanding the structural properties and their relation with the dye performance is very important for designing better dyes that yield more efficient DSSCs. Therefore, in this theoretical study, we have investigated the possible effects of donor and linker moieties on the photoexcitation and charge transfer properties of organic dyes when they are chemisorbed on TiO 2 nanoparticles.
Computational details
NKX-2553, NKX-2554 and NKX-2569 dyes were modeled using Discovery Studio Visualizer package (Accelrys, San Diego, CA). In the first step of the calculations, we carried out ground state structural optimization of the isolated dyes, using B3LYP hybrid functional and 6-31G* basis sets. The effects of the solvent (acetonitrile) were added using the polarizable 39 as implemented in the Gaussian 09 software suit. 40 Geometry optimizations were followed by single point TD-DFT calculations to obtain the UV/VIS spectra of the three dyes. The next step in this work was to optimize the dye-titania structures. To do so, we prepared a neutral, stoichiometric cluster of (TiO 2 ) 38 exposing the anatase 101 surface, as described by Persson et al 41 . Previous studies 37, 38, 42 have shown that the lowest excitation energy of the (TiO 2 ) 38 cluster is in good agreement with the experimental bandgap of a nanoparticle of a few nanometer size. As the conjugated structures were very large and computationally demanding, we used the plane-wave DFT code Quantum Espresso (4.2.1) 43 to obtain reasonable geometries for the dye-titania complexes. These calculations were done using generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) to account for the exchange-correlation effects. 44 As we used ultrasoft (US) pseudopotentials, we found that an energy cutoff of 50 Ry gives converged results. The atomic relaxations were carried out until the residual forces were less than 10 −3 Ry/au. Each dye-titania complex was separated from its images by addition of vacuum layers (≥9Åthick) in the x-, y-and z-directions. Optimization of geometry was followed by single point TD-DFT calculations using a Gaussian 09 software suit. The basis set and the exchangecorrelation functions were identical to those used for the isolated dyes.
3 Results and discussion 3.1 Electronic structure and absorption spectra of dyes Optimized geometries and frontier orbitals (isovalue 0.02 e/a.u 3 ) for NKX-2553, NKX-2554 and NKX-2569 are given in Figure 2 , Figure 3 (A) and Figure 3 (B), respectively. For all the three dyes, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) show π-and π * -character, respectively. In all the three cases, HOMOs are delocalized over the almost entire molecule with a slightly more localization on DMA donor moieties compared to the cyanoacrylic acid (acceptor/anchor) group. LU-MOs also show delocalization over the entire dye molecules with a little more localization on the acceptor as compared to the donor. This localization of HOMO over donor groups and localization of LUMO over acceptor/anchor groups is desirable for the charge separation, which leads to the push-pull effect.
The experimental UV/Vis absorption spectra 9 show maximum absorbances (λ max ) for NKX-2553 at 2.71 eV, NKX-2554 at 2.68 eV and NKX-2569 at 2.47 eV. Our calculated absorption spectra show λ max at 2.74 eV for NKX-2553 ( Figure 4A ), 2.61 eV for NKX-2554 ( Figure 4B ) and at 2.26 eV for NKX-2569 dyes ( Figure 4C and Table 1 ). Apart from the excitation peak at λ max , NKX-2554 and NKX-2569 also show additional excitations at 2.50 eV and 2.39 eV, respectively ( Table 2 ). These excitations increase absorption ranges for NKX-2554 and NKX-2569 dyes. In the case of these two dyes, not only HOMO but also HOMO-1 shows its contribution in excitation at λ max (Table 2) . Further, HOMO-1 is mostly localized on donor moieties as shown in Figure 3 (A)(i) and 3(B)(ii). These results show that the addition of an extra donor moiety, assists NKX-2554 and NKX-2569 to achieve slight red-shift and broadening of the absorption peaks compared to NKX-2553. Additionally, in the case of NKX-2569, increase in the length of linker moiety further shifts the absorption peak towards the red part of the spectrum. These red-shifts in absorption spectra are attributed to the increase in the π-conjugation of NKX-2554 and NKX-2569 dyes. This broadening and red shift in the spectra was also observed in the experimental data 9 . Overall, the two shorter dyes -NKX-2553 and NKX-2554 -show better agreement with experimental results as compared to NKX-2569. The latter one shows a slight underestimation of excitation energy at λ max and gives a red-shift of ∼0.21 eV compared to the experimental value. This can be understood as an inadequacy of the the exchange-correlation functionals to properly describe the excitations involving charge-transfer. The conventional functionals like GGA and LDA do not contain the correct 1/Rdependence (R is the charge separation distance) and so fail to correctly predict the energies for charge transfer transitions. The hybrid functionals such as B3LYP and PBE0 partially alleviate this problem by the inclusion of the exact exchange interaction. Although B3LYP is an improvement over the conventional functionals, it is still not perfect with its 0.2 R −1 dependence instead of R −1 . As a result, the excitation energies for the charge transfer interactions are underestimated within B3LYP. This error increases with increasing distance between the charge donor and charge acceptor as is the case of NKX-2569. 45 HOMO and LUMO energies as well as, the HOMO-LUMO gap (∆ HL ) are given in Table 1 . Here, NKX-2553 shows HOMO at -5.34 eV, LUMO at -2.52 eV and ∆ HL 2.82 eV. The ∆ HL value reduces to 2.78 eV for NKX-2554 with the placement of HOMO (-5.23 eV) and LUMO (-2.45 eV) at higher energies compared to the respective MOs of NKX-2553. Among these dyes, NKX-2569 shows the lowest ∆ HL of 2.43 eV with the HOMO and LUMO states at -5.05 eV and -2.62 eV energies respectively. These results (Table 1) show that the ∆ HL value follows the order, NKX-2569 < NKX-2554 < NKX-2553. This decrease in ∆ HL is attributed to the increased π-conjugation in the larger dyes. Table 1 also gives the valence band maximum and conduction band minimum of the titania nanoparticle. The placement of HOMO and LUMO of the dyes relative to the bandgap of titania is an important factor for their performance as a sensitizer. Ideally, HOMO of the dye should be situated within the bandgap of TiO 2 . Here, the HOMOs for all the three dyes are placed within the ∆ HL of TiO 2 and LUMO is situated at an energy higher than the conduction band minimum of the isolated TiO 2 ( Table 1 ). The calculated absorption spectra of the isolated TiO 2 lies mostly in UV-range and starts at ∼3.6 eV. This is in a good agreement with the experimental band gap of titania nanoparticles that are a few nanometers in size. 46 The dipole moments for NKX-2553, NKX-2554 and NKX-2569 are 16.22, 16.24 and 19.98 D, respectively. The larger dipole moment of NKX-2569 gives it the desirable greater charge separation upon excitation. On the other hand, NKX-2553, NKX-2554 have comparable dipole moments that might explain the similar efficiencies shown by the two dyes, even though, the latter has an additional DMA donor in its structure.
Electronic structure and absorption spectrum of dye/TiO 2 complexes
So far, we have described how the structural properties of the dyes might affect their electronic structure. The relative positions of the dye's HOMO and LUMO levels within the titania band structure affect the overall efficiency of the DSSC. It is not sufficient to look at the electronic structures of these systems individually. So, the next step in this research was to look at the dye/titania complexes. On TiO 2 , surface chemisorption of the dye takes place through acidic dissociation of the carboxylic acid anchor. In this, hydrogen atom dissociates from the carboxylic acid and bond formation takes place between carboxylate oxygen atoms and the surface titanium atoms of the metal oxide. An FTIR study by Hara and coworkers 16 showed that the coumarin based NKX-2311 dye containing cyanoacrylic acid anchor is adsorbed on TiO 2 in a bidentate carboxylate mode. Another study by the same group also shows that one more cyanoacrylic acid anchor based NKX-2553 dye is adsorbed on TiO 2 in bidentate carboxylate mode as well. 10 
NKX-2553/TiO 2 complex
Although experimental absorption spectra for these dyesurface complexes are not yet available, IPCE (Incident-Photon-to-electron Conversion Efficiency) spectra give considerable insight into light absorption trend of the systems. Therefore, we compare our absorption spectra of the dyesurface complexes with the respective IPCE spectra. The experimental IPCE spectrum 9 for NKX-2553/TiO 2 complex begins from ∼1.63 eV and shows more than 70% IPCE between ∼ 2.07 eV to ∼ 2.7 eV. Theoretically calculated absorption spectra for NKX-2553/TiO 2 complex shows absorption band onsets from ∼ 1.70 eV (FWHM used is 0.37 eV) with λ max at 2.24 eV( Figure 4D ), which is in agreement with the experimental results. The calculated absorption peak at λ max shows red-shift of ∼ 0.5 eV compared to the λ max of the isolated dye. The absorption spectra for the complex consists of 1-10 | 5 Figure 5 MOs of NKX-2553/TiO 2 complexes involved in photoexcitation. Here, (i) HOMO and (ii) LUMO+3 many photo-excitations. Some of these excitations showing high oscillator strengths with their contributing molecular orbitals (MOs) are given in Table 3 . HOMO participates in all of the high intensity excitations and is localized on dye part of the complex as can be seen from Figure 5 (i) (isovalue 0.02 e/a.u 3 ). HOMO of the complex is characteristically similar to HOMO of the isolated dye.
The unoccupied orbitals that participate in major photoexcitations can be seen to range from LUMO+3 to LUMO+35 ( Table 3 ). The excitation taking place at λ max involves LUMO+3 and LUMO+4. Among these orbitals, LUMO+3 has maximum contribution ( Table 3 ) and is shown in Figure 5(ii) . The isosurface plot for LUMO+3 shows that it is delocalized on both the dyes as well as on the nanoparticle. This in turn shows a strong hybridization between the titania and dye states. Due to considerable delocalization of LUMO+3 on anchor moiety of dye as well as on the titania nanoparticle, one can envisage a direct charge transfer mechanism for NKX-2553 dye. Furthermore, the strong hybridization between the states of the two sub-systems manifests itself in the new photoexcitation peak that appear in the spectrum and which was absent in the spectra of two isolated sub systems of the complex. The presence of the new excitations further supports direct charge transfer for the complex.
NKX-2554/TiO 2 complex
IPCE for NKX-2554/TiO 2 complex also starts from ∼1.63 eV and shows more than 70% IPCE between ∼2.07 eV to ∼2.7 eV. 9 In agreement with the experiment, the theoretical absorption spectrum for the complex shows absorbance from ∼1.65 eV with maximum absorbance peak at 2.20 eV ( Figure 4E) . As compared to the isolated NKX-2554 dye, dye-titania complex exhibits ∼0.4 eV red-shift at λ max . Absorption band for the complex also shows a new shoulder between ∼2.4 eV -∼2.7 eV, which is absent in the isolated dye. Here, several photoexcitations are involved in the formation of total absorption spectrum. A few of these excitations having relatively high oscillator strengths are given in Table 3 conjointly with their corresponding MOs. Most of these photo-excitations originate from HOMO-1 and HOMO (Figure 8 The unoccupied orbitals involved in the major excitations come from LUMO+3 to LUMO+26 (Table 3 ). Among these unoccupied orbitals, LUMO+3 shows highest contribution to the λ max as well as to the second highest intensity peak at 2.06 eV. The isosurface plot for LUMO+3 ( Figure 6 (A)(iii)) shows that it is localized mostly on the linker and anchor moieties of the dye as well as on the surface atoms. The unoccupied orbitals below LUMO+3 are localized on surface with no contribution from the dye (Figure 8, col. 5 ). The delocalization of LUMO+3 on the dye as well as on the surface and presence of a new absorption peaks for complex suggests direct charge transfer from NKX-2554 to TiO 2 nanoparticle.
NKX-2569/TiO 2 complex
The theoretical absorption spectrum for NKX-2569/TiO 2 begins from ∼1.4 eV ( Figure 4F ), which is close to the origin of IPCE from ∼1.51 eV onwards. 9 When compared to NKX-2553 and NKX-2554, NKX-2569 shows ∼10% IPCE loss from ∼2.07 eV to ∼3.2 eV absorption energy and ∼20% gain towards higher wavelength light (from ∼1.55 eV to ∼1.72 eV). Theoretical absorption spectra shows a maximum absorbance at 1.82 eV, which is considerably red-shifted compared to NKX-2553 (λ max = 2.24 eV) and NKX-2554 (λ max = 2.06 eV) dye-surface complexes. The MOs involved in two high intensity excitations at 1.83 eV and 2.12 eV are given in Table 3 . HOMO-1 is around 0.32 eV below the energy level of HOMO and participates in the lower wavelength excitation at 2.12 eV. On visualization, HOMO-1 of the complex is similar to HOMO-1 of the isolated dye (figure is not given). Additionally, HOMO contributes in both major excitations and is localized over the entire dye similar to the HOMO of the isolated dye ( Figure 6 (B)(i)).
Among the unoccupied orbitals LUMO+1, LUMO+2 and LUMO+11 are involved in the photo-excitations. Here, LUMO+1 shows highest contribution and is present in both the excitations. The isosurface for LUMO+1 ( Figure 6 (B)(ii)) is localized mostly on the dye and to some extent, on the titanium atoms attached to it. In contrast, LUMO+2 is localized only on nanoparticle with no contribution from the dye (Figure 6(B)(iii) ). LUMO of this complex is also localized only on surface as indicated in Figure 8 . The localization of LUMO+1 mostly on dye suggests indirect charge transfer mechanism. Here, upon excitation, the charge goes from the highest occupied level which is localized mostly on the dye to a higher state (LUMO+1) which is again localized on the dye and then tunnels to the nanoparticle. On the other hand, the involvement of LUMO+2 suggests a direct charge transfer due to its localization on the surface. Although, both direct as well as indirect charge transfer mechanisms might come into play for NKX-2569/TiO 2 complex, indirect mechanism seems to be the prominent mechanism for charge transfer as this happens with a higher probability as indicated by the (un-normalized) single CI coefficient of 0.56 compared to 0.39 for the other transition.
Amongst the studied complexes, NKX-2569/TiO 2 has the lowest ∆ HL , which allows the lower energy photons to participate in charge-transfer. This is supported by the λ max as well as the comparatively higher IPCE at the longer wavelengths 9 . Furthermore, NKX-2553/TiO 2 and NKX-2554/TiO 2 complexes show direct charge transfer upon excitation. In contrast, in case of NKX-2569/TiO 2 complex, both direct as well as indirect charge-transfer mechanisms may play a role in the in-1-10 | 7 jection of the charge into titania. The charge-transfer through both mechanism provides NKX-2569 an additional edge over the two other dyes studied in this work. This might be the reason for its better efficiency than NKX-2553 and NKX-2554 dyes. This study shows that the extended π-conjugation at linker part for these dyes has higher impact on the enhancement of efficiency than the donor part. Apart from these polyene dyes many other dyes 12, 13 have shown increase in the efficiency with increase in linker length. Although extended length increases the dye efficiency it also leads to the instability of the molecule. In this regard, this study will be useful towards the development of a predictive method to understand this phenomenon a priori.
Conclusion
This work presents detailed TD-DFT calculations for three polyene dyes in isolation as well as in conjugation with anatase (101) TiO 2 nanoparticle. The increase in the length of π-conjugated linker in NKX-2569 dye will lead to a better charge separation between the donor and acceptor moieties. This eventually should contribute in the reduction of charge recombination upon photoexcitation. Moreover, among the dye/titania complexes, NKX-2569/TiO 2 complex shows λ max at lowest energy. The red-shift of the absorbance maximum of dye/TiO 2 complexes compared to the dyes, suggests better stabilization of the molecular orbitals due to hybridization of the dye and the nanoparticle states. Furthermore, on the basis of our results, we predict the direct charge-transfer mechanism for adsorbed NKX-2553 and NKX-2554 dyes. On the other hand, results for NKX-2569/TiO 2 complex indicate that both direct as well as indirect charge-transfer mechanisms might play a role, thereby, enhancing its performance over the other two structurally-related dyes. The latter conclusion is corroborated by the experimental results.
